Context. The larger number of models of asteroid shapes and their rotational states derived by the lightcurve inversion give us better insight into both the nature of individual objects and the whole asteroid population. With a larger statistical sample we can study the physical properties of asteroid populations, such as main-belt asteroids or individual asteroid families, in more detail. Shape models can also be used in combination with other types of observational data (IR, adaptive optics images, stellar occultations), e.g., to determine sizes and thermal properties. Aims. We use all available photometric data of asteroids to derive their physical models by the lightcurve inversion method and compare the observed pole latitude distributions of all asteroids with known convex shape models with the simulated pole latitude distributions. Methods. We used classical dense photometric lightcurves from several sources (Uppsala Asteroid Photometric Catalogue, Palomar Transient Factory survey, and from individual observers) and sparse-in-time photometry from the U.S. Naval Observatory in Flagstaff, Catalina Sky Survey, and La Palma surveys (IAU codes 689, 703, 950) in the lightcurve inversion method to determine asteroid convex models and their rotational states. We also extended a simple dynamical model for the spin evolution of asteroids used in our previous paper. Results. We present 119 new asteroid models derived from combined dense and sparse-in-time photometry. We discuss the reliability of asteroid shape models derived only from Catalina Sky Survey data (IAU code 703) and present 20 such models. By using different values for a scaling parameter c YORP (corresponds to the magnitude of the YORP momentum) in the dynamical model for the spin evolution and by comparing synthetics and observed pole-latitude distributions, we were able to constrain the typical values of the c YORP parameter as between 0.05 and 0.6.
Introduction
The lightcurve inversion method (LI) was developed by and . This powerful tool allows us to derive physical models of asteroids (their rotational states and the shapes) from series of diskintegrated photometry.
Convex asteroid shape models can be derived from two different types of disk-integrated photometry: dense or sparsein-time. Originally, only dense photometry was used. About 20 such dense lightcurves from at least four or five apparitions are necessary for a unique shape determination. By this approach, ∼ 100 asteroid models have been derived (e.g., Kaasalainen et al. 2002; Michałowski et al. 2004; Ďurech et al. 2007; . To significantly enlarge the number of asteroid models, sparse photometric data were studied and used in the LI. Ďurech et al. (2009) determined 24 asteroid models from a combination of dense data with sparse photometry from the U.S. Naval Observatory in Flagstaff (USNOFlagstaff station, IAU code 689). Sparse data from seven astrometric surveys (including USNO-Flagstaff station) were used in the LI by Hanuš et al. (2011) , who presented 80 asteroid models.
16 models were based only on sparse data, the rest on combined dense and sparse data.
Models of asteroids derived by the lightcurve inversion method are stored in the Database of Asteroid Models from Inversion Techniques (DAMIT 1 ,Ďurech et al. 2010) . In October 2012, models of 213 asteroids were included there.
A larger number of asteroids with derived models of their convex shapes and rotational states is important for further studies. Large statistical samples of physical parameters can tell us more about processes that take place in the asteroids' populations (near-Earth asteroids, main-belt asteroids, or asteroids in individual families). For example, an anisotropy of spin-axis directions is present in the population of main-belt asteroids with diameters 30 km (Hanuš et al. 2011) , where the YORP effect 2 , together with collisions and mass shedding, is believed to be responsible. There are similar effects on the rotational states of main-belt binaries (Pravec et al. 2012) . Convex shape models were also used in combination with stellar occultations by asteroids where global nonconvexities can be detected, and the diameter can be estimated with a typical uncertainty of 10% (seě Durech et al. 2011) .
In Section 2, we describe the dense and sparse photometric data used in the lightcurve inversion method and present new asteroid models derived from combined photometric data sets or from the sparse-in-time data from the Catalina Sky Survey Observatory (IAU code 703) alone. The reliability tests for derived models are also described. In Section 3, we use a theoretical model of the latitude distribution of pole directions published in Hanuš et al. (2011) in a numerical simulation to constrain the free scaling parameter c YORP describing our uncertainty in the shape and the magnitude of the YORP momentum.
Asteroid models
We used four main sources of dense photometric lightcurves: (i) the Uppsala Asteroid Photometric Catalogue (UAPC 3 , Lagerkvist et al. 1987; Piironen et al. 2001) , where lightcurves for about 1 000 asteroids are stored, (ii) data from a group of individual observers provided via the Minor Planet Center in the Asteroid Lightcurve Data Exchange Format (ALCDEF 4 , Warner et al. 2009 ), (iii) data from another group of individual observers available online via Courbes de rotation d'astéroïdes et de comètes (CdR 5 ) , and (iv) data from the Palomar Transient Factory survey (PTF 6 , Rau et al. 2009 ). recently analyzed a small fraction of PTF data and presented dense lightcurves for 624 asteroids. So far, only a fraction of photometric data from the PTF has been processed (four overlapping fields on four consecutive nights), which means that this source will become very important in the near future.
We downloaded sparse data from the AstDyS site (Asteroids -Dynamic Site 7 ) and gathered sparse lightcurves from the USNO-Flagstaff station (IAU code 689) for ∼ 1 000 asteroids, from Roque de los Muchachos Observatory, La Palma (IAU code 950) for ∼ 500 asteroids and 100 sparse data points from the Catalina Sky Survey Observatory (CSS for short, IAU code 703, Larson et al. 2003) for ∼ 4 000 asteroids. We present 119 asteroid models derived from combined dense and sparse data (Section 2.2) and 20 models based only on CSS data (Section 2.3).
During the model computation, a priori information about the rotational period of the asteroid was used, which significantly reduced the volume of the multidimensional parameter space that had to be searched, and saved computational time. Period values were taken from the regularly updated Minor Planet Lightcurve Database 8 ). If the period was unknown or insecure, we searched the model over all possible period values of 2-100 hours (usually, when only sparse data are available).
Reliability tests
We carefully tested the reliability of derived models. If we had several dense lightcurves and sparse data from USNO-Flagstaff station for an asteroid, we considered a model as unique if: (i) the modeled sidereal rotational period was close to the synodic rotational period determined from a single apparition dense data set (synodic period values have usually been previously published and were available in the Minor Planet Lightcurve Database), (ii) the shape model rotated close to its axis with a maximum momentum of inertia (it was in a relaxed rotational state), and (iii) models with half and double period values that gave significantly worse fits.
It was necessary to apply additional tests to models derived from sparse-in-time data alone. We used the tests presented in Hanuš et al. (2011) (for more details, see Section 3.3 there), and they were sufficient if photometry from USNO-Flagstaff station was present. In Hanuš &Ďurech (2012), we have shown that reliable asteroid models can also be derived from the Catalina Sky Survey data alone, and we described a convenient procedure for how to proceed during the computation when the rotational period is unknown: the solution should be searched for all periods in an interval of 2-100 hours, and the stability of the solution should be tested for at least two different shape parametrizations 9 . The correct solution had to be stable for both low (n = 3) and high (n = 6) shape resolutions. We followed these recommendations: we searched for the model in the multidimensional parameter space for shape resolutions n = 3 and n = 6 and checked that we derived solutions with similar rotational states. In Hanuš &Ďurech (2012), we tested values n = 2, 3, 4, 5, 6 for the shape resolution. Correct solutions (i.e., models from the CSS data were similar to the models based on different data sets) were reproduced for most values of n. On the other hand, incorrect solutions were derived only for values n = 6 and sometimes also for n = 4 or n = 5, but never for n = 2 or n = 3.
Models from combined dense and sparse data
The shape model determination scheme was very similar to the one used in Hanuš et al. (2011) . 119 new asteroid models were derived because we gathered ∼ 1000 new dense lightcurves from 8 http://cfa-www.harvard.edu/iau/lists/LightcurveDat.html 9 Shape is represented by coefficients of its expansion into spherical harmonic functions to the order n. We call n the shape resolution, the number of shape parameters is then (n + 1) 2 , and our typical value for the shape resolution is n = 6 ALCDEF, another ∼ 1000 lightcurves from PTF, ∼300 from individual observers, and also additional sparse data observed by the CSS during the second half of the year 2010 and the first half of the year 2011. Derived rotational states with basic information about the photometry used for 119 asteroids are listed in Table 1 . Out of them, 18 models are based only on combined sparse data from various sources, but in all cases, sparse data from USNOFlagstaff station were present 10 . In Table 3 , we list the references to the dense lightcurves we used for the new model determination.
Although the amount of photometric data from PTF was similar to that from ALCDEF, only two new shape models (for asteroids with numbers 52 820 and 57 394, see Table 1 ) were derived with their contribution. The first reason was a significantly worse quality of PTF data: only for 84 asteroids out of 624 were the data sufficient for determining a synodic period, while other lightcurves were noisy or burdened with systematic errors. In many cases they allowed only for an estimate of a lower limit for the lightcurve amplitude (presented in ). The second reason was that PTF data alone were not sufficient for a unique model determination (they covered only one apparition), no other dense lightcurves were usually available, and sparse data were available for only fewer than a half of these asteroids. Many asteroids detected by the PTF survey were previously unknown.
There are previously published models available for 15 of the asteroids modeled here: (11) Kryszczyńska et al. 2007 and Warner et al. 2009 ). As these models were usually based on limited datasets, our solutions differ from some of them substantially, while agreeing for some in the spin axis latitude or the sidereal period value. We fully confirmed previous models for six objects of that sample: the spin models of (79) Eurynome by Michałowski (1996) , (787) Moskva by Svoren et al. (2009) , and (1572) Posnania by Michałowski et al. (2001) , as well as our preliminary solutions for (390) Alma, (1389) Onnie, and (1719) Jens obtained in Hanuš et al. (2011) .
The shape models and their spin solutions can be found in the DAMIT database (Ďurech et al. 2010) . We noticed that for the models based only on sparse data, their shapes tend to be very angular, with sharp edges and large planar areas, thus can be treated only as crude approximations of the real asteroid shapes. However, a substantial addition ( 10 lightcurves from 2 apparitions) of dense lightcurves smooths the shape models out, making them look more realistic, as confirmed by their better fit to occultation chords.
From observations of star occultations by asteroids, we can reconstruct asteroid projected silhouettes. These silhouettes can then be compared with the predicted contours of the convex shape models and used for the asteroid size determination by scaling the shape models to fit the occultation chords. A reasonable number of observations were available for three asteroids from our sample. By using the same methods as iň Durech et al. (2011) , we rejected mirror solutions for the asteroids (345) Tercidina and (578) Happelia, and also determined equivalent diameters (corresponding to spheres with the same volume as the scaled convex shape models): 96±10 km for (345) Tercidina, 101±5 km for (404) ) and indeed, the system was later interpreted as a synchronous close binary (Behrend et al. 2006) . Our brick-like convex shape model is strongly elongated with sharp edges and is similar to a convex shape model of a close binary system (90) Antiope. Such a shape appearance for close binaries was predicted from synthetic data (Ďurech & Kaasalainen 2003) .
Models based on data from the Catalina Sky Survey astrometric project
There are two different groups of asteroid models based on CSS data: (i) models with previously reported synodic periods determined from dense data (we did not have these dense data, so period values were taken from the literature, usually from the Minor Planet Lightcurve Database), and (ii) models with previously unknown rotational periods. In the first case, we could compare the published period value with the period value derived by the LI (see Table 2 , columns 7 and 9). If both periods agreed within their uncertainties, we considered the solution re- liable. This test could not be performed for the second group of models, so we had to use additional reliability tests (see Section 2.1).
In Table 2 , we present 20 asteroid models based only on the CSS data. The previous period estimates were not available for 12 of them. All of these 20 models have higher uncertainties of the pole orientations and lower shape resolution than models based on combined data, and all are possible candidates for follow-up lightcurve observations for period confirmation and more detailed shape determination.
Semi-empirical scaling of the YORP effect
Our enlarged sample of physical parameters for ∼330 asteroids 11 validates our previous results based on a smaller asteroid sample (220 asteroids) presented in Hanuš et al. (2011) . In Fig. 4 , we show the observed debiased (i.e., we removed the systematic effect of the lightcurve inversion method caused by the method having a higher probability of deriving a unique solution for asteroids with larger pole latitudes. The debiasing procedure was based on a numerical simulation presented in Hanuš et al. 2011, see • . The debiased observed latitude distribution of the pole directions of MBAs represents fingerprints from the past evolution of this population. Direct comparison between the observed asteroid properties and predictions of theoretical models can validate/exclude some of the asteroid dynamical evolution theories or constrain specific free parameters.
In Hanuš et al. (2011) , we introduced a simple dynamical model for the spin evolution of asteroids, where we included (i) the YORP thermal effect, (ii) random reorientations induced by noncatastrophic collisions, (iii) oscillations caused by gravitational torques and spin-orbital resonances, and also (iv) mass shedding when a critical rotational frequency is reached. Because we studied a large statistical sample of aster-11 According to the asteroid size distribution function of Davis et al. (2002) , we have in our sample ∼ 30% of all asteroids with D > 100 km, ∼ 15% asteroids with 60 km < D < 100 km, and ∼ 14% asteroids with 30 km < D < 60 km oids, the effect on the overall latitude distribution of pole directions caused by other processes (gravitational torques by the Sun, damping, or tumbling) was assumed to be only minor. The model was based on the relations for the rate of the angular velocity ω (ω = 2π/P) and the obliquity ǫ (Euler equations)
where f -and g-functions describing the YORP effect for a set of 200 shapes with the effective radius R 0 = 1 km, the bulk density ρ 0 = 2500 kg/m 3 , located on a circular orbit with the semi-major axis a 0 = 2.5 AU, were calculated numerically by Capek & Vokrouhlický (2004) . We assigned one of the artificial shapes (denoted by the index i) for each individual asteroid from our sample 12 . The f -and g-functions were scaled by a factor
where a, R, ρ bulk denote the semi-major axis, the radius, and the density of the simulated body, respectively, and c YORP is a free scaling parameter reflecting our uncertainty in the shape models and the magnitude of the YORP torque, which dependents on small-sized surface features (even boulders, Statler 2009) and other simplifications in the modeling of the YORP torque. We enhanced the simulation of the spin evolution of asteroids presented in Hanuš et al. (2011) , by testing different values of the free parameter c YORP and comparing the resulting synthetic latitude distributions with the observed debiased latitude distributions. Thanks to the new asteroid models, we had an updated observed spin vector distribution. We added 50% more observed asteroids, so we used 307 instead of 220 models for this comparison.
We used the following values of the parameter c YORP : 0.01, 0.05, 0. 1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8 . Values of c YORP 1 were already recognized as unrealistic.
For each value of c YORP , we ran 100 simulations with different random seeds to generate different initial ω and spin vector distributions. We integrated Eqs. (1) and (2) numerically. The time span was 4 Gyr with the time step of the explicit Euler scheme ∆t = 10 Myr. As initial conditions, we assumed a Maxwellian distribution of angular velocities ω and isotropically distributed spin vectors. We also used K = 10 −2 W/K/m, ρ bulk = 2500 kg/m 3 . Every time a critical angular velocity (ω crit = 4/3πGρ bulk ) was reached for an asteroid, we assumed a mass shedding event, so that we reset the rotational period to a random value from an interval of 2.5,9 hours. We altered the assigned shape, but we kept the sense of the rotation and the orientation of the spin axis. We also included a simple Monte-Carlo model for the spin axis reorientations caused by collisions (with τ reor = B
where B = 84.5 kyr, β 1 = 5/6, β 2 = 4/3, D 0 = 2 m, and ω 0 corresponds to period P = 5 hour, Farinella et al. 1998) . After the collision, we reset the spin axis and period to random values (new period was from an interval of 2.5,9 hours). Collisional disruptions are not important in our case so they were not considered. We also accounted for spin-orbital resonances by adding a sinusoidal oscillation to β (to prograde rotators, only, Vokrouhlický et al. 2006b ) with a random phase and an amplitude ≃ 40
• . The spin states of our synthetic asteroids evolve during the simulation. At each time t of the simulation, we can construct a latitude distribution of the pole directions with the latitude values split into ten bins with a variable width corresponding to constant surface on the celestial sphere. Because we used ecliptic coordinates with the longitude λ and the latitude β, the bins were equidistant in sin β. To describe the temporal evolution of the simulated latitude distributions, we computed a χ 2 metric between the simulated and the debiased observed latitude distributions of asteroids with diameters D < 60 km. The assumption of isotropically distributed initial spin vectors is not fulfilled for larger asteroids (D > 60 km), because this population has an excess of prograde rotators (see Fig. 4 ), which is believed to have a primordial origin (Johansen & Lacerda 2010) . The second reason we rejected asteroids with D > 60 km from latitude comparison is that their evolution is rather slow compared to the simulation time span.
For each time t within the simulation run j ( j = 1..100), the corresponding chi-square value χ 2 t j is defined by
where S t ji denotes the number of synthetic bodies with latitudes in bin i, O i the number of observed latitudes in bin i, and σ t ji ≡ S t ji + O i corresponds to the uncertainty estimate.
In Fig. 5 , we show the temporal evolution of the average chi-squareχ 2 t = j χ 2 t j /100 in the course of our numerical simulations for different c YORP values. As we see in Fig. 5 , the average synthetic latitude distribution evolves in course of the time (while the debiased observed latitude distribution is fixed). We can distinguish three basic cases of the temporal evolution:
-When the YORP effect is weak (c YORP 0.1), the synthetic latitude distribution only evolves slowly and is never similar to the observed latitude distribution, even at the end of the simulation, becauseχ 2 t is still large (for N = 9, a statistically significant probability value of 5% corresponds to χ 2 = 16.92). -A steady state (i.e., the state when the synthetic latitude distribution does not significantly evolve in time, and thus thē χ at time t = 4 Gy for all 100 runs. Dotted line: the statistically significant probability value of 5%, i.e. χ 2 = 16.92. -For values c YORP 0.3, the synthetic latitude distribution evolves faster and, at a certain time, is most similar to the observed latitude distribution (i.e., the minimum ofχ 2 t ). After that, theχ 2 t grows, because the YORP also significantly develops also larger asteroids, and thus the bins with low latitudes are depopulated more than is observed. 
Discusion & conclusions
Our preferred interpretation of the optimal c YORP value being much lower than one is that small-scale features (boulders) tend to decrease the YORP torque. This hypothesis is supported by the independent modeling of Rozitis & Green (2012) , who estimate, by including rough surface thermal-infrared beaming effects in their long-term spin evolution model, that the surface roughness is on average responsible for damping the magnitude of the YORP effect typically by half of the smooth surface predictions. This would correspond to c YORP = 0.5 in our notation. The YORP effect is sensitive to the sizes of the boulders and can vary tens of percent, so the results of Rozitis & Green (2012) agree with our model.
As an important application, we mention that the constraint for the value of c YORP can be used in simulations of the longterm dynamical evolution of asteroid families. So far, c YORP has been used as a free parameter (e.g., in the method presented by Vokrouhlický et al. 2006a) . Constraining c YORP therefore removes one free parameter from the simulations and should thus lead to a better determination of the ages of asteroid families.
Finally, the results of this paper can be briefly summarized as follows.
-For 119 asteroids, we derived the convex shape models and rotational states from their combined disk-integrated dense and sparse photometric data. This effort was achieved with the help of ∼ 100 individual observers who were willing to share their lightcurves. The typical uncertainty of the sidereal rotational period is ∼ 10 −5 h and of the pole direction 10-20
• . All new models are now included in the DAMIT database.
-We also derived 20 asteroid models based purely on sparse-in-time photometry from the Catalina Sky Survey Observatory. The reliability of these models is supported by the fact that for eight of them, we obtained similar rotational period values that were previously reported in the literature and derived from an independent data set (dense photometry). We do not have any previous information about the rotational periods for the 13 other asteroids. Due to relatively larger uncertainties of the CSS sparse data, the typical uncertainty of the sidereal rotational period is ∼ 10 −4 − 10 −5 h and of the pole direction 20-40
• . -By combining observations of stellar occultations by asteroids with derived convex shape models, we determined equivalent diameters for the asteroids (345) 
